isolates were investigated by amplification of a domain from the non-structural region 3 (NS3) using nested PCR, followed by hybridization with two genotypespecific probes, F1 (HCV type I-specific) and F2 (HCV type II-specific). Among 119 HCV RNA-positive sera, 91% of samples were NS3 PCR positive. Most samples (83.2 %) hybridized with one or the other probe only, whereas a few samples (4.2 %) hybridized with both F1 and F2 probes (HB). A small percentage (3.4%) of samples appeared unable to hybridize with either probe (HN). For some of these samples (HB1, HB2, HN1, HN2, HN3, HN4), part of the NS3, core and envelope regions were sequenced and the corresponding deduced consensus sequences were compared with those of prototype isolates of the four HCV genotypes (types I to IV). A phylogenetic tree was constructed to illustrate the relationship between these isolates. The results obtained showed that (i) HN4 appears to be more closely related to type III than to type IV HCV genotypes, which suggests that in France there may exist additional although minor genotypes besides the two major types, F1 and F2. (ii) HB1, HB2, HN1, HN2 and probably HN3 belong to the type II HCV genotype. The association between sequence diversity and putative biological difference for isolates within the same genotype remains to be elucidated.
Introduction
Hepatitis C virus (HCV), the main agent responsible for parenterally transmitted non-A, non-B (NANB) hepatitis, was only recently molecularly cloned (Choo et al., 1989) . It is now established that HCV is a positivestranded RNA virus containing a genome of about 10 kb that is distantly related to those of flaviviruses and pestiviruses (Miller et al., 1992) . The genomic organization of HCV can be divided into three essential components: a 5' non-coding (NC) region, a polyproteincoding region encoding the core protein, two envelope glycoproteins (El and NS1/E2) and at least five nonstructural proteins (NS2 to 4, NS5a and NS5b), and a 3'-NC region. Numerous HCV isolates from different geographic origins have been sequenced partially or completely. Comparison of nucleotide (nt) and deduced amino acid sequences of these isolates reveals that the HCV genome displays a rather high heterogeneity and t Present address: Molecular Hepatology Laboratory, MGH East, 149 13th Street, Charlestown, Massachusetts 02129, U.S.A.
The sequence data presented in this paper have been deposited in the EMBL Data Library under accession numbers X76408 to X76421 inclusive.
can be classified into at least four distinct genotypes (Chan et al., 1992) . Several classification systems have been proposed for the various identified HCV genotypes (Nakao et aL, 1991; Cha et al., 1992; Chanet aL, 1992; Okamoto et al., 1992a) . However, up to now, no consensus classification or terminology has been adopted. In the present paper, we have used the classification proposed by Okamoto et al. (1992a) , which allowed the separation of most of the HCV isolates published up to 1992 into four genotypes: type I (HCV-1), type II (HCV-J and HCV-BK), type III (HCV-J6) and type IV (HCV-J8) (Choo et al., 1991; Kato et al., 1990; Okamoto et al., 1991 Okamoto et al., , 1992a Takamizawa et al., 1991) . These four genotypes, types I to IV, correspond to types la, lb, 2a and 2b of the Chan/Simmonds classification, respectively, which includes more genotypes of HCV (Chan et al., 1992) .
It has been suggested that infection with different HCV genotypes might lead to differences in pathogenesis, thus influencing the outcome of disease, responses to antiviral therapy such as interferon and might induce different serological reactivities (Chan et al., 1991; Pozzato et al., 1991 ; Kanai et al., 1992; Yoshioka et al., 1992) . Several different HCV genotypes can coexist in the same geographic region, although the distribution pattern of HCV genotypes appears to be mostly region-or In this study we investigated the distribution pattern of HCV genotypes in France by the amplification of a domain from the NS3 region using nested PCR followed by hybridization with genotype-specific probes for F1 and F2, as described by Li et al. (1991) . Some of the samples that hybridized with both the F1-and F2-derived probes and some that hybridized with neither were further analysed by sequencing of fragments from the NS3, core and E1 regions. The sequence data obtained were used to construct a phylogenetic tree after comparison with those of the prototype isolates of the four HCV genotypes (types I to IV).
Methods
Serum samples. Serum samples were obtained from chronic NANB hepatitis patients from August 1991 to April 1992. Among these patients, 85 were from Lyon and 34 from other cities in France, some patients in each group were from differing ethnic origins. These included South Europeans and North Africans. Only a single serum from each individual was included in the study. Samples were proven to be HCV RNA-positive by a routine PCR amplification using the primers from the conserved 5'-NC region, as described previously (Li et al., 1992) .
Preparation of RNA and eDNA. HCV RNA was extracted from 200 ~tl of serum by the guanidinium thiocyanate-phenol-chloroform method previously described (Li et al., 1992) , and reverse-transcribed into eDNA in the presence of 50 pmol of the external antisense primer (Table 1) using Moloney murine leukaemia virus reverse transcriptase (Gibco BRL) at 42 °C for 30 min.
Amplification of HCV RNA by PCR. HCV eDNA was amplified by nested PCR using primers from the NS3 region (Table 1) . The primers were synthesized according to the nt sequence of HCV-1 and were chosen from regions conserved between type I and type II isolates.
PCRs were carried out with 1 U of Taq polymerase (Promega) in a DNA thermal cycler (Perkin-Elmer Cetus) for 35 cycles with external primers. One-tenth volume of the first PCR products were reamplified with internal primers for another 35 cycles (95 °C for 1 min, 37 °C for 1 rain and 72 °C for 2 rain). The size of the NS3 product was 186 base pairs (bp).
For further sequence analysis some of the samples were amplified using primers specific for the core and E1 regions (Table 1) , under the same conditions as above.
Hybridization with specific probes. The NS3 PCR products were electrophoresed in a 2 % agarose gel and blotted onto nylon membrane (Hybond-N, Amersham). The 186 bp fragments from the NS3 region of F1 (HCV type I) and F2 (HCV type II) isolates were used as genotype-specific probes (Li et al., 1991) . The probes were prepared by purification of Fla-or F2-derived insert from the pUC18 vector and labelled with [~-32P]dCTP using a DNA 3'-end-labelling kit (Boehringer Mannheim). Hybridization and washing conditions were as previously described (Li et al., 1991) . Filters were hybridized with Fl-specific probe and autoradiographed at -70 °C for several hours. The filters were then boiled in 0.5% SDS for 10 rain or more to remove the F1 probe and rehybridized with F2 probe under the same conditions. The purified F1 and F2 fragments were used as controls.
Cloning and sequencing. After purification by preparative agarose gel electrophoresis and phenol-chloroform extraction, the PCR products of specific samples were cloned into the Sinai site of pUC18 or into the EcoRI and HindIII sites of M 13mpl 8. For each of the samples at least two clones were sequenced by the dideoxynucleotide chain-termination method with [c~-3~S]dATP (T7 DNA polymerase sequencing kit, Pharmacia), according to the manufacturer's instructions.
Computer sequence analysis. Computer analysis of the sequence data was partially performed with the Bisance computer system (Dessen et al., 1990) . Nucleotide and deduced amino acid sequences were aligned using the Clustal program (Higgins & Sharp, 1988) . Evolutionary distances between sequence pairs were computed separating synonymous from non-synonymous substitutions using the method of Li et al. (1985) . Phylogenetic trees were computed from non-synonymous substitutions only using the neighbour-joining algorithm (Saitou & Nei, 1987) . The statistical reliability of the resulting tree was assessed using the bootstrap method (Felsenstein, 1988) based on 1000 replicates.
Results

Genotyping of HCV
One-hundred and nineteen serum samples were proven to be HCV RNA-positive by PCR amplification of the 5'-NC region. The samples were then amplified for part 
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• • Choo et al., 1991) . The gaps (dashes) in the aligned sequence resulted from a maximum alignment of sequences as determined by searching higher similarity scores with the computer program.
of the NS3 region using region-specific primers (Table 1) . Out of 119 samples, 108 (91%) were found to be HCV RNA-positive, and 11 samples (9%) failed to be amplified.
To identify the genotypes of HCV isolates present in these samples, the amplified NS3 PCR products were analysed by Southern blot hybridization using F 1 and F2 type-specific probes. Among 108 samples, 41 (34.5 %) hybridized with the F1 probe only (identified as HCV type I) and 58 (48'7 %) with the F2 probe only (identified as HCV type II), five samples (4-2%) hybridized with both probes (designated HB) and four samples (3-4%) hybridized with neither one (designated HN) ( Table 2) .
Sequence heterogeneity revealed by hybridization studies
To analyse further the isolates present in the HB and HN sera, we cloned the NS3 PCR products for two HB samples as well as for all four HN samples and determined their nucleotide sequences. The percentage similarities between the sequences of these isolates and those of the prototype isolates of the four HCV genotypes HCV-1, HCV-J, HCV-J6 and HCV-J8 (Table  3) were calculated using the Clustal multi-alignment program. Results indicated in Table 4 showed that the HB1, HB2, HN1, HN2 and HN3 samples were more or less related to type II HCV with similarity scores of 86.21%, 88.28%, 86.21%, 84.14% and 80%, respectively (Table 4 ). In comparison Fla had a similarity score of 93-10% to HCV-1 and F2 88.28% to HCV-J. The nt sequence of HN4 was more divergent from type I or type II isolates (63-45 % and 65.52 % similarity, respectively), but more related to the sequences of type III or type IV isolates (72.41% and 69'66 % similarity, respectively).
To confirm this classification further, the core and E1 regions of the genomes of the HB 1, HN2, HN3 and HN4 isolates were sequenced. Their nt sequences and deduced amino acid sequences were compared with those of prototype isolates of the four HCV genotypes. At the nt sequence level, part of the core region (477 bp) of HB1, HN2 and HN3 showed a greater similarity with type II (HCV-J): 96.23 %, 94.35 %, 93.10 %, respectively (Table  5) . Again, the HN4 region was mostly closely related to type III HCV (HCV-J6). The similarity scores of HN4 were 89-54% to HCV-J6, 86.40 % to HCV-JS, 80.54% to HCV-1 and 81-80 % to HCV-J respectively. As expected, the deduced amino acid sequences of the core region appeared to be highly conserved for all studied samples and the comparison shown in Table 5 confirmed the results obtained at the nt sequence level. A similar relationship was obtained for the E1 region (Table 6) , which was less conserved at the nt sequence level. For this region, the similarities of HB1, HN2 and HN3 to HCV-J were 89-90%, 89.23% and 74.41% at the nt sequence level respectively, and 92.93%, 91.92% and 81.31% at the deduced amino acid level respectively. However, the similarity of HN4 at the nt sequence level was 67-17% and 61"78% to HCV-J6 and HCV-J8 respectively, and 75.76% and 68.18% to HCV-J6 and HCV-J8 respectively at the amino acid level.
Phylogenetic relationships of the isolates
The phylogenetic relationships between our isolates and prototype isolates representative of the four genotypes have been investigated using the combined information obtained from the NS3, core and E1 sequenced fragments (Fig. 1) . First, frequencies of synonymous (i.e. silent) and non-synonymous (i.e. nucleotide changes that alter the encoded amino acid) substitutions between each sequence pair were computed by the method of Li et al. (1985) . Frequency of synonymous substitutions between the most distantly related HCV isolates (i.e. type I or type II compared with type III or IV) appeared to be saturated (data not shown). Therefore, phylogenetic relationships were computed from non-synonymous substitutions only. The resulting phylogenetic tree (Fig.  2) was obtained by the neighbour-joining method (Saitou & Nei, 1987) . Isolates HB1, HN2 and HN3 are placed in this tree near HCV-J and HCV-BK, whereas HN4 is located next to HCV-J6 and HCV-J8. The statistical reliability of this tree was evaluated by bootstrap analysis. This method gives a percentage relatedness score (circled numbers in Fig. 2 ) for each cluster predicted by the tree. A cluster having a score of 95 % or more is taken to be related at a statistically significant level. Thus, isolates HB1 and HN2 appear to be specifically related to HCV-J and HCV-BK (score 96 %); HN3 is probably evolutionarily closer to HCV-J than to HCV-1, although the evidence for that (78 %) is not statistically significant; isolate HN4 is definitely related to HCV-J6 and HCV-J8 (100 %) but the available evidence does not allow us to determine accurately whether its closest relative is HCV-J6 or HCV-J8 (score 63 %).
Discussion
HC¥ is characterized by a high degree of nucleotide sequence heterogeneity, and different domains show different degrees of variability. The nucleotide sequence of the Y-NC region of HCV is the most conserved, with 92 to 98 % identity among the four genotypes (Okamoto et al., 1992 a) . Hence this region is generally used for the detection of HCV RNA by PCR (Inchauspe et al., 1991) . Among the putative coding regions of the four HCV genotypes, the core gene is highly conserved (81 to 92 %) whereas the envelope and NS 1/E2 genes are very variable (55 to 75% conservation). The non-structural genes (NS2 to NS5) are relatively conserved (57 to 79%) (Okamoto et al., 1992a) . Several PCR-based strategies have been described for the genotyping of HCV isolates (Enomoto et al., 1990; Nakao et al., 1991 ; Li et al., 1991 ; Okamoto et al., 1992b; Stuyver et al., 1993) . In the present paper we followed the method (Southern blot hybridization of NS3 PCR products) used by Li et al. (1991) to determine further the genotype of French HCV isolates. By this method most samples could be easily identified as type I (34.5 %) or type II (48.7 %), although not all of the HCV 5'-NC-positive samples could be reamplified using primers from the NS3 region of type I HCV (HCV-1). The results of the hybridization were confirmed by nt sequence analysis. Sequences of those samples which hybridized with the F1 or F2 probe alone showed more than 90 % identity to the respective probe. To classify the HB and the HN samples (i.e. those which hybridized with both or neither of the probes) the nt sequences of part of the NS3 region of these isolates were compared with HCV-1 (type I), HCV-J (type II), HCV-J6 (type III) and HCV-J8 (type IV). This analysis revealed that the HB samples were more closely related to HCV type II. The HB1 isolate displayed sequence identity of 82 % with the F1 probe and 87 % with the F2 probe (that is including the PCR primer sequences). Twenty clones of HB1 could all hybridize with both probes (data not shown), excluding the possibility of mixed infection with two genotypes. Thus, in our study, the samples that hybridized with both the F1 and F2 probes could not be explained simply as a double infection with both genotypes. Among the HN samples (i.e. those which hybridized with neither probe) HN1 and HN2 also had greater similarity scores to type II (HCV-J). When the washing temperature was decreased to 68 °C, the two samples hybridized with the F2 but not the F1 probe. As with HN1 and HN2, the HN3 samples might also belong to type II, but showed a more distant relationship to HCV-J than did HN1 and HN2. The sequence of the HN4 sample had a lower similarity score to HCV-1 and HCV-J, but was more closely related to HCV-J6 (type lll) than to other isolates.
The heterogeneity between different HCV isolates varies for different regions of the viral genome (Okamoto et al., 1992a) . Therefore we analysed sequences from the core and E1 regions of the HB1, HN2, HN3 and HN4 samples. Comparative sequence analysis of these regions confirmed the results obtained with the NS3 region. HB1, HB2 and HN3 belong to HCV type II, though HN3 had a lower similarity score to HCV-J than did HB1 and HN2. HN4 had a higher score to HCV-J6 (type III). Recently, Buhk et al. (1993) have reported that, based upon analysis of the sequence of the E 1 gene, there may be at least 12 genotypes of HCV (I/la, II/lb, III/2a, IV/2b, 2c, 3a, 4a to d, 5a and 6a; classification of Okamoto/Chan and Simmonds). Among these genotypes, the isolate originating from Italy, referred to as genotype 2c, clustered between type III and type IV, as did HN4. By comparison of the sequence of the E1 gene, HN4 had similarity scores of 69 % at the nucleotide level and 74 % at the amino acid level with genotype 2c, values similar to those of HN4 with III/2a. HN4 therefore appeared intermediate between types 2a and 2c. The samples that can be detected by PCR amplification of the 5'-NC region but not the NS3 regions may be indicative of other genotypes. These findings showed the limitation of our initial genotyping method. For those samples which could not be classified by this method, including the HB and HN samples, other genotyping methods should be used.
Several phylogenetic trees representing the relationships of different isolates have been constructed using different methods (Chan et al., 1992; Mori et al., 1992; Okamoto et al., 1992a) . In the present paper evolutionary relationships between our isolates and the prototype isolates of the four genotypes were also investigated by molecular phylogeny analysis. In a first step, separate phylogenetic trees were constructed for the three sequenced regions of the HCV genome (NS3, core, El). There was no significant difference between the branching order of the three resulting trees (data not shown). This suggests that these three regions of the genome evolved in a parallel fashion without recombination between strains. Therefore, a combined tree for the three regions was constructed in order to obtain better resolution of the evolutionary relationships between all isolates. Since synonymous substitutions between type I and II and type III and IV isolates appeared to be saturated, only non-synonymous substitutions were employed for constructing the phylogenetic tree. The resulting tree (Fig. 2) shows that isolates HB 1 and HN2 and, probably, HN3 belong to type II and that HN4 is about as closely related to type III as it is to type IV.
Our data confirmed that HC¥ is very heterogeneous, even among isolates belonging to the same genotype. Whether the biologically significant differences (i.e. changes of clinical manifestations, variations in the host immune response and response to antiviral therapy) may correspond to diversity within the same genotype remain to be studied. The epidemiological pattern of HCV genotypes in France is under investigation.
